We have studied the polarization dependence of coherent phonons in the topological insulator Bi 2 Te 3 . Using polarization-dependent femtosecond pump-probe spectroscopy, we measured coherent phonons as a function of angle when the pump and probe polarizations were fixed, and the crystal orientation was rotated. For isotropic detection, depending on the spot position, oscillations either from only low-and high-frequency phonons of A 1g symmetry, or in addition from the mode at 3.6 THz were observed. All the modes were found to be independent of the orientation of electric field vector with respect to the crystal axes testifying to their full symmetry while no modes of lower symmetry appeared in any polarization geometry. For anisotropic detection both modes of E g symmetry could be detected, but their amplitudes were considerably smaller than those of A 1g symmetry. To clarify the coherent phonon assignment and the process of coherent phonon generation in Bi 2 Te 3 , the time-domain measurements were complemented by spontaneous Raman scattering. The comparison of frequency-and time-domain results and the polarization dependence suggest that the 3.6 THz mode belongs to crystalline Te arising due to tellurium segregation. A discrepancy between the time-and frequency-domain data is discussed.
I. INTRODUCTION
Topological insulators are new materials with surfaces that host a new state of matter insensitive to impurities and defects [1] . In these materials surface electrons behave like massless Dirac particles and surface currents preserve their spin orientation and coherence on a macroscopic scale. The topological insulators were suggested to be used in quantum computing because they contain surface states that are topologically protected against scattering by time-reversal symmetry. Moreover, they were also proposed for applications in memory devices where write and read operations can be achieved by purely electric means. The growing interest in the topological materials resides not only in their promising properties for future topological applications, but also in basic research. For instance, their fundamental properties apart from such exotic particles as Dirac fermions suggest a relation to the elusive Majorana fermion [2] that is its own antiparticle.
Optical techniques are reliable tools for the study of electronic and lattice properties of solids. Indeed, optical spectroscopy has obtained valuable information on the charge dynamics of the Dirac fermions in graphene [3] , and several works [4] [5] [6] have predicted interesting interactions between topological insulators and light. The electron-phonon interaction can be a dominant scattering mechanism for the Dirac fermions at finite temperatures as technical improvements may minimize crystal imperfections, but phonons are always present and therefore limit the feasibility of topological applications. Phonons in solids can be measured via Raman scattering and infrared spectroscopy, which measure the lattice modes at the point of the Brillouin zone. These techniques can be extended into the time domain, but their time resolution is typically low. The frequency-domain techniques providing the valuable information on thermal phonon frequencies and their lifetimes are inherently unable to resolve individual cycles of atomic vibrational motion even though they do allow the determination of the symmetry of different lattice modes. To overcome this limitation, coherent phonon generation by femtosecond laser pulses can be employed. Such femtosecond time-domain techniques in which an ultrashort pump pulse generates coherent oscillations that modify the dielectric function, and a probe pulse samples the crystal at a later time, can be used to generate, control, and detect coherent phonons for which vibrational dynamics are time resolved to a fraction of a single vibrational period [7] . Instead of analyzing frequency-domain line shifts and line shapes, where all information on the incoherent lattice dynamics is hidden, one can nowadays visualize atomic motion and observe both the atomic oscillations and their decays in real time. Moreover, these synchronized atomic motions due to the existence of well-defined phases are suitable for coherent control that can allow manipulating atomic motions and electron-phonon interaction in future topological devices.
Bismuth telluride Bi 2 Te 3 has been classified as one of the three-dimensional (3D) topological insulators characterized by a single Dirac cone [8] . Its lattice dynamics was thoroughly studied in the frequency domain [9] [10] [11] , and there were a number of recent time-domain studies of both carrier and lattice dynamics [12] [13] [14] [15] [16] . Nevertheless, several aspects of coherent lattice dynamics in Bi 2 Te 3 still remain controversial. For example, in Ref. [12] , the two observed coherent phonon modes at 1.85 THz and 3.68 THz were assigned as A (I) 1g mode and its second harmonic. In later studies [13, 14] , the modes at 1.85 THz and 4.02 THz were assigned to two allowed A 1g modes, in agreement with spontaneous Raman measurements [9, 10] . The detailed time-domain study [15] in which both the temperature and power dependence of coherent phonons were measured confirmed that the higher-frequency coherent phonon mode, which appears with 3.6 THz frequency at room temperature and increases to 4.0 THz at helium temperature, is an A This high-frequency mode acquires two orders of magnitude higher positive chirp at the lowest temperatures and high pump fluence as compared to the A (I) 1g phonon. Our previous study [16] revealed that depending on the pump polarization with respect to the crystal orientation one can see either only two fully symmetric coherent phonons at 1.8 and 4.0 THz, or, in addition, the mode at 3.6 THz assigned tentatively to a doubly degenerate E (II) g phonon. However, the symmetry of the 3.6 THz mode was not proved as it requires the full knowledge of its angle dependence missing in Ref. [16] .
The objective of the present work is to study coherent phonons in Bi 2 Te 3 crystal as a function of angle between the crystal axis and the beam polarization. It is aimed to clarify the assignment of the 3.6 THz mode and, additionally, by comparison of frequency-and time-domain results to elucidate the mechanism of coherent phonon generation in topological insulators. We would like to note here that the Bi 2 Te 3 single crystal is an ideal, model system to address the mechanism of coherent phonon generation. Indeed, it has two fully symmetric and two doubly degenerate modes, which allow comparing the phonons of different symmetry and energy in the time and frequency domains. In semimetals such as Bi and Sb, we have only one fully symmetric mode (with the frequency larger than that of the doubly degenerate mode) dominating, though in different ways, in the both domains. For Bi 2 Te 3 one can check whether the domination arises from the different frequency and/or damping rate for the modes of the same symmetry, or it appears due to mode symmetry. The paper is organized as follows: In Secs. II and III we address the technical aspects regarding the setups for Raman spectroscopy and pump-probe technique and the properties of Bi 2 Te 3 crystals, which are related to coherent lattice dynamics. In Sec. IV we show and analyze our experimental results obtained first in the time domain and then in the frequency domain. Finally, Sec. V contains the summary of the results and the conclusions.
II. EXPERIMENT
In this study we used the same rectangular piece of Bi 2 Te 3 crystal as in Ref. [16] with a surface perpendicular to the trigonal axis. Mechanical exfoliation was performed with an adhesive tape to obtain a surface with good optical quality. The zero polarization angle corresponds to the electrical vector of the laser light oriented along the short dimension of the crystal, which is at 15 degrees to the binary axis. The time-domain data were measured in a pump-probe setup based on asynchronous optical sampling [17, 18] . It consisted of two Ti:sapphire oscillators with repetition rates in the GHz range and a kHz offset frequency in the repetition rate. Each oscillator provided 50 fs pulses with wavelength of 818 nm for the pump and of 830 nm for the probe. The crystal was excited with 50 mW average pump power focused to a spot with a diameter of 60 μm (typical pump fluence 1.6 μJ/cm 2 , much less than the damage threshold of 4.5 mJ/cm 2 [15] ). The changes in reflection intensity were sampled with 200 MS/s (megasamples per second) on a detector with a bandwidth of 125 MHz. In most experiments we used an isotropic detection scheme in which the differential reflection of the probe,
was defined as the relative change in the reflection (R) caused by the pump pulse, where R 0 is the reflection at negative time delays without the pump pulse. In a few experiments, we employed an anisotropic detection scheme in which the reflected probe beam was analyzed into polarization components parallel R || and perpendicular R ⊥ to that of the pump, and their difference (R || − R ⊥ ) was recorded with two photodiodes. Transient reflectivity was detected with a 10 mW probe light focused to a spot 20μm in diameter. Each transient was the average over 2 × 10 6 traces taken over a time span of 17 minutes. To study the polarization dependence of the ultrafast response we rotated the sample about its surface normal, while the pump and probe light polarizations remained fixed and parallel to each other for isotropic detection. In some measurements in order to keep the excitation spot unchanged we used λ/2 plates to rotate the pump and probe polarizations while the crystal orientation remained fixed. The scanned time interval was larger than 300 ps in all the experiments. In a few experiments, the transient reflectivity initiated by 800 nm light was measured with a mechanical delay stage in a shorter time interval using the similar isotropic detection scheme.
Raman spectra were recorded on a micro-Raman spectrometer (Microdil-28) used in a backscattering configuration. The spectra were excited with a visible laser light (λ = 632.8 nm) at low power levels, typically less than 1 mW, measured with the power meter at the sample position. The low power levels were essential to avoid local laser heating and damage, which were much more pronounced than in other crystals due to the extremely low thermal conductivity of Bi 2 Te 3 . In a few experiments the spectra were taken with second harmonic of Nd:YAG laser (λ = 532.1 nm). All the spectra were collected through a 50× objective and recorded with 1800 lines/mm grating and slit widths providing a spectral resolution better than 1 cm −1 . The incident laser excitation was linearly polarized and traveled along a path that includes a half-wave plate for rotating the plane of polarization, the microscope beam splitter, and the objective. The spectra were obtained at room temperature by using the multichannel, nitrogen-cooled CCD detector situated after the analyzer and the spectrograph. They were typically acquired after 100 accumulations with 10 s integration time. 
III. BISMUTH TELLURIDE PROPERTIES RELATED TO COHERENT PHONONS
. Two E u and one A 2u are acoustic, transverse, and longitudinal modes, respectively, and the rest are optical ones. Since the symmetry group possesses an inversion center, the exclusion rule applies. As a result, the optic modes are either Raman (gerade) or IR (ungerade) active and both the Raman and IR spectra consist of four peaks each. In the doubly degenerate E g modes, the atoms vibrate in the basal xy plane, while in both A 1g modes the atoms move along the trigonal direction z. Raman tensors of the modes are as follows:
from which one can see the xy or the x 2 -y 2 symmetries in the basal plane for doubly degenerate modes. The difference between the E (I)
g modes is that the top two layers vibrate in phase or out of phase and the frequency of the in-phase vibration is low, and the out-of-phase is high [16] . The similar behavior is also true for the two fully symmetric modes as schematically shown in Fig. 1 .
IV. RESULTS AND DISCUSSION
We started our study with the measurements in the time domain. Figure 2 modes. The frequencies are in agreement with previously reported Raman experiments on Bi 2 Te 3 single crystals [9, 10] and the calculations based either on Born-von Karman lattice model [19] , or on first-principles calculations [20] .
We first fit the transient reflectivity in the time-domain. To this end we differentiate the signal to get rid from the incoherent component and fit the derivative in the range from zero delay to 15 ps to two damped harmonic oscillators, see Fig. 3 . The decay rates and frequencies obtained are listed in Table I . If we restrict the range of fitting to 3 ps, which contains only several oscillations, the frequencies for both modes exhibit a small blue shift. This shift is indicative of phonon chirp, the situation when the frequency for small delays is larger than the frequency for long delays. Line shapes of the fully symmetric modes in FT spectrum shown in Fig. 2(b) are asymmetric also signaling that the phonons are chirped (i.e., phonon frequency is a function of time). Such line shapes are quite similar to the Fano profiles, which can be deduced from the time-domain data when a discrete phonon state couples to an electronic continuum [21, 22] . The fits to the Fano profiles σ (ε) ∝ (q+ε) 2 1+ε 2 , where ε is a dimensionless energy normalized to decay and q is the asymmetry parameter, are shown in Fig. 2(b) by solid lines. The frequency domain is a better choice for identifying the chirp as it is difficult to see the chirp in the time domain, especially for the high-frequency mode, which is short lived [15] . From the FT spectra one can see that both fully symmetric phonons are negatively chirped as the low-frequency slope of the lines is steeper (Fano parameter is positive). The positive value of 1/q implies that there is a constructive interference between the discrete phonon and electronic continuum on the high-energy side and a destructive interference on the low-energy side. Nevertheless we do not know at the moment which continua participate in this coupling to the A 1g modes. that the chirp is a bit larger for the low-frequency mode. However, the lifetime of the negative chirp is very short for each mode. This short lifetime can be inferred from the fact that the line-shape asymmetry (and hence the phonon chirp) completely disappears after one or two oscillation cycles for both modes as it is shown by a few FT spectra obtained with the left edge of time window for FT shifted, see Fig. 4 . Fitting the transient reflectivity data in the time domain by two damped harmonic oscillators we identified that the low-frequency mode had a larger initial amplitude and a smaller decay rate, see Table I . The low-frequency mode had a larger initial amplitude and a smaller decay rate as can be seen from the FT spectra shown in Fig. 2(a) . The factor of 4 difference between the amplitudes of the low-and high-frequency modes arises because the Raman polarizability for the low-frequency mode is larger and its frequency is smaller than those for high-frequency mode. The latter fact results in more efficient [23], where is the phonon frequency and τ p is the laser pulse duration. The ratios of decay rate to mode frequency, i.e., Fano factor [24] for both modes, are almost the same. Note that a similar observation has been reported for coherent phonons in Bi 2 Se 3 [25, 26] , however, initial amplitudes of the coherent modes obtained by anisotropic detection, i.e., the subtraction of two orthogonal components of the reflected linear polarized light, were reported to be almost equal.
Further measurements were made as the planes of polarization for the pump and probe beams were varied relative to the crystallographic axes of the sample. As the crystal was rotated, no variation of frequency, amplitude, and phase of the coherent oscillations was observed demonstrating the lack of polarization anisotropy for the both modes. Results of the polarization-dependent ultrafast pump-probe measurements are shown in Fig. 5 where one can see that the amplitude ratio of the modes is constant, independent of the polarization angle. Moreover, we should emphasize that at any polarization angle no modes of E g symmetry were detected. This is natural for the low-symmetry (xy) mode, which cannot be excited when the pump and probe polarizations are parallel and therefore cannot couple to the phonons whose tensor does not have a diagonal component. However, this is not true for the E g symmetry mode with the x 2 -y 2 symmetry whose tensor has a zero trace due to different signs of the diagonal components. In this case, the two degenerate E g phonon modes rotate the polarization of the probe pulse by the same amount in opposite directions, giving rise to a zero net modulation of the probe pulse's polarization only when the light polarization is at π /4 respective to the binary, or bisectrix axes. The lack, or at least extremely small contribution, of E g modes to the transient reflectivity suggests that there are some peculiarities in the generation mechanism of the coherent, low-symmetry modes.
Compared to our previous study of the same crystal [16] we did not observe the 3.6 THz mode at any angle. This mode had been tentatively assigned to E (II) g mode and thought to appear in the transient reflectivity due to its predominant x 2 -y 2 symmetry [16] . Therefore, we scanned the crystal surface to find the regions where the mode was present. Scanning the crystal surface we observed that for certain locations the transient reflectivity changed considerably. Figure 6 (a) shows a representative transient reflectivity obtained for these locations. The fast negative drop at zero delay for these locations is twice smaller than in Fig. 2(a) , while its recovery time is shorter. The FT spectrum of these regions, apart from two intrinsic Bi 2 Te 3 phonon modes with slightly reduced amplitudes, has an additional strong line at 3.56 THz, see Fig. 6 (b). It should be stressed that in our previous study [16] , the observation of the 3.6 THz mode was also accompanied by a reduced negative drop at zero delay. In contrast to the data shown in Fig. 2(b) , the fully symmetric phonons as well as the 3.56 THz mode seem to be unchirped because their line shapes are symmetric. At the same time, the differences in the frequencies observed from the different spot locations were negligibly small suggesting the presence of similar bonds. Rotating the crystal, we observed that the amplitude of the 3.56 THz mode was independent of the angle, thus testifying to its full symmetry, see Fig. 5 . Finding the angle independence excludes the possibility of the 3.56 THz mode assignment to a low-symmetry phonon made in Ref. [16] . Here we would like to emphasize that at any polarization angle no modes of E g symmetry were observed for those regions where the 3.56 THz mode was present. Thus combining this observation with the previous results shown in Fig. 2 , we established that the phonons of low symmetry could not be coherently excited and detected in the present configuration, or their amplitudes were over an order of magnitude smaller than those of fully symmetric phonons.
We note that a similar 3.6 THz mode has been previously observed in a number of time-domain studies on Bi 2 Te 3 [12, 15, 16] . For instance, in Refs. [12, 15] this mode appeared at high fluence excitation and, moreover, its frequency was downshifted by increasing the excitation power. Such behavior reminds us of the fully symmetric mode of Te, which is known to decrease in frequency due to electronic softening [27, 28] . The decrease resulting in a positive phonon chirp is linear proportional to the laser fluence [29] . Thus, it is reasonable to suggest that this mode appears in Bi 2 Te 3 materials due to tellurium segregation in Te-rich regions. To check this hypothesis we carried out the time-domain study of a single crystal of Te. Its crystal structure consists of three atom per turn helices whose axes are arranged on a hexagonal lattice. Group theory predicts four zone center optical phonons of which three are Raman active. These are two doubly degenerate E modes (at 2.7 and 4.2 THz) and one nondegenerate A 1 mode. The fully symmetric A 1 phonon at 3.57 THz is a breathing mode of the Te lattice for which the helical radius changes leaving the interhelical distance and c-axis spacing intact, thereby preserving the lattice symmetry. We coherently excited A 1 phonons in a Te single crystal with a pump polarized perpendicular to the trigonal axis. As one can see from Fig. 7 , the transient reflectivity of Te consists of two contributions. The oscillations due to coherent phonons are superimposed on an exponential background arising from electronic excitations. Note that the polarity of the electronic contribution in Te is positive, in contrast to that of Bi 2 Te 3 . The strong modulation of the reflectivity occurs through coherent A 1 oscillations with a frequency of 3.57 THz, as shown in Fig. 7(b) .
Having finished with the time-domain measurements, we now discuss the study of lattice dynamics for Bi 2 ug mode. The phonon intensities varied moderately when the excitation line was changed to λ = 532.1 nm due to resonance effects, however, the phonon lines remained sharp and the spectra showed no background at any excitation wavelength. The upper spectrum in Fig. 8 was recorded with parallel polarizations of the incoming and scattered light (VV configuration) both coinciding with the short dimension of the crystal. The doubly degenerate E g modes can be easily distinguished from fully symmetric ones due to zero trace of the Raman tensor for the modes that are projected in measurements for crossed (VH configuration) polarizations of incident and scattered light (depolarized spectrum). The E Table I we present frequencies and decay rates obtained by fitting the phonon lines to Lorentz profiles.
Scanning the crystal surface we observed that the Raman spectra for certain locations were significantly different from those where only intrinsic phonons were detected. For the former locations, apart from four intrinsic phonon modes of Bi 2 Te 3 , an additional strong line at 3.6 THz and two weaker lines at 2.7 and 4.25 THz as well as some electronic background are clearly seen in Fig. 9 . Moreover, the relative intensities of intrinsic phonons for these spot locations are slightly modified. To assign the additional lines we measured Raman spectrum of (0001) Te single crystal shown in Fig. 9 (0001) Te is also shown by a red solid line (laser power at the sample position −0.7 mW). Both spectra were normalized relative to the intensity of the strongest mode.
by a solid line. The comparison between the two spectra suggests that the extra lines observed in some regions belong to crystalline tellurium. Their similar (to tellurium) line widths testify to a high crystallinity of theseTe-rich regions, whereas different relative intensities of the fully symmetric A 1 and doubly degenerate E phonons can be due to unknown microcrystal orientation. Thus, we tentatively ascribe the appearance of the additional lines in Bi 2 Te 3 to Te segregation. The realization of Te-rich composition, with respect to stoichiometric Bi 2 Te 3 , remains unknown. Note that similar tellurium segregation has been reported for Bi-Te films [30] and for Sb 2 Te 3 films under strong laser irradiation [31] . Previously, the two vibrational modes at 2.8 and 3.67 THz were observed in Raman scattering for Bi 2 Te 3 nanoplates, but not in bulk crystals [32] . They were ascribed to IR modes and their appearance was interpreted as evidence of a parity breakdown in thin flakes of the topological insulator.
To clarify the origin of Te-rich regions and their relation to the exposure of laser light we intentionally damaged the crystal by intense laser light. Close to the burned area we observed in a microscope many black cuboid microcrystals scattered over the crystal surface. The density of the microcrystals decreased as the distance from the damaged area increased. The time-domain measurements carried out near the damaged area shown in Fig. 10 revealed that the negative drop of initial reflectivity changed the polarity and the FT spectrum demonstrated the dominant contribution from the 3.56 THz mode. This peak rapidly became the unique features present in the spectrum for spot locations closer to the burned area. Therefore, we can speculate that since Te atoms are lighter and more volatile than Bi atoms, they become mobile during excitation at high laser powers. The dominant behavior of the 3.56 THz mode is to be ascribed to a greater Raman polarizability for Te than for Bi or Bi 2 Te 3 . Thus, it is thought that the 3.56 THz mode in the time-domain data of Bi 2 Te 3 to be the A 1 mode of crystalline Te that forms through a segregation of tellurium.
Finally, let us address the issue of why no low-symmetry mode appears in our time-domain data even though their Raman polarizabilities are almost the same as those for fully symmetric modes as evidenced by the frequency-domain study. We have to stress here that the generation of lowsymmetry coherent phonons in Bi 2 Te 3 is suppressed but not prohibited. Indeed, it is appropriate to mention that in Bi 2 Se 3 and Sb 2 Te 3 topological insulators, which are isomorphic to Bi 2 Te 3 , both E (I) g and E (II) g modes have been detected [25, 26, 33] using anisotropic detection scheme. To access the anisotropic reflectivity change, after reflecting from the sample, the probe beam is analyzed into polarization components parallel and perpendicular to that of the pump, R || and R ⊥ , and their difference is recorded with two balanced photodiodes. This scheme is especially useful in isolating small anisotropic signals from large isotropic ones as vertically and horizontally polarized parts of the probe beam see different modulations induced by the anisotropic excitation but the same modulations induced by the isotropic excitation. As a result, no fully symmetric mode with equal diagonal elements can be detected by anisotropic detection; however, the amplitude of fully symmetric phonons in Ref. [26] was comparable with that of E (II) g mode. This can be due to either unbalanced photodiodes, or coupling to the "b" component of the A 1g Raman tensor and excludes the possibility to compare polarizabilities of the modes correctly from the anisotropic transient reflectivity alone. Recall that in our time-domain study we used isotropic detection that samples the diagonal components of Raman phonons and therefore should allow the comparison of "a" and "c" components of Raman tensors from a single trace. Nevertheless, to make contact with other topological insulators we decided to check the generation of coherent phonons in Bi 2 Te 3 with anisotropic detection. To this end, a half-wave plate was inserted in the probe beam to change its polarization to π /4, while the polarization of the pump beam was kept horizontal. The reflected probe beam was split by a polarizing cube beam splitter into two beams with vertical and horizontal polarizations, and then sent to the two detectors. One of the detectors recorded the signal analogous to that in isotropic detection, see Fig. 11(a) , whereas the difference signal shown by the lower trace in Fig. 11 (a) revealed low-symmetry oscillations. As shown in Fig. 11(b) , where normalized FT spectra are presented, the oscillations of the difference signal contain frequency close to 3 THz. In addition, there is a very weak peak around 1 THz, which is just close to noise level. Both frequencies coincide with those of E g modes. One order of magnitude difference between their amplitudes cannot be due to different Raman polarizabilities since the exponential dependence of the initial amplitude on the ratio of pulse duration to phonon period for the low-frequency E (I) g mode should makes their amplitude almost equal given the factor of 3 larger frequency for the E (II) g mode. Furthermore, their amplitudes, in contrast to those of A 1g modes, demonstrate dependence on the angle between the pump polarization and the crystal axes, thereby confirming their low symmetry, see Fig. 10(b) . As our detectors were not perfectly balanced the difference signal also contains fully symmetric coherent contributions. As mentioned above, one cannot compare the ratio of amplitudes for the doubly degenerate and fully symmetric phonons from the difference signal. However, from the comparison of isotropic and anisotropic signals we can estimate that 2c a/10 taking into account that the E g signal can be twice the maximum amplitude in optimal polarization geometry. To summarize, we experimentally show that the amplitude ratio roughly coincides with the Raman cross-section ratio for both fully symmetric and doubly degenerate phonons separately, whereas of the ratios between fully symmetric and low-symmetry phonons are drastically different for the time and frequency domains.
Trying to explain the lack of low-symmetry phonons for isotropic detection in the time domain, we have to touch on the topic related to the mechanism of coherent phonon generation. Based on the diverse phenomena, different generation mechanisms have been identified and theoretically formulated; see Ref. [7] and references therein. Among all the discussions, one topic, which has been debated for a long time, is the nature of the generation mechanism for coherent phonons in opaque materials to which Bi 2 Te 3 belongs. The question originated from the first experiments on semimetals and semiconductors, where large oscillations of fully symmetric modes were seen while other Raman modes were missing in the ultrafast pump-probe experiments. The results led to the theory of displacively excited coherent phonons, which declared that coherent phonons in opaque materials are generated differently from the Raman scattering process [34] . It was argued that coherent phonons are initiated because of a displaced quasiequilibrium coordinate of the nuclear system set by the photoexcited carriers, and this mechanism only applies to modes that do not change the crystal symmetry. Later, after experimental observation of low-symmetry modes in semimetals [7] , and the related theoretical development [35] it was suggested that the generation process in these semimetals is actually a particular case of coherent stimulated Raman scattering, which can generate modes of arbitrary, but even, symmetry. Afterward, the theory of two stimulated Raman tensors [36] made the final attempt to combine impulsive excitations in transparent crystals with displacive excitations in absorbing materials under the framework of Raman scattering. It was pointed out that the difference in those two scenarios lies in distinct contributions to the driving force from virtual and real transitions. Subsequently, a model incorporating a finite lifetime of the driving forces was developed [37] , and after a further refinement [38] , used to explain the discrepancies between the time-and frequency-domain data in semimetals. Note, however, that according to measured resonance profiles of E g and A 1g coherent phonons in Bi, it was suggested that one can talk about the unified Raman mechanism only in the case when no distinction between hot luminescence and Raman process exists [39] . The data obtained in our study provide additional evidence for this hypothesis since the Raman data exhibiting a 2 ≈ c 2 clearly disagree with the time-domain data suggesting a c. Nevertheless, for two fully symmetric modes in Bi 2 Te 3 the unified Raman mechanism, including displacive (kinematic) excitation as a particular, resonance case, seems to work as their relative intensities in time-and frequency-domain measurements almost coincide.
However, we cannot completely exclude the unified Raman mechanism for low-symmetry modes at the current stage. , where is the phonon frequency. In this case, the initial coherent phonon amplitudes depend only weakly on the decay . If the condition is reversed, , which might happen for low-symmetry modes, initial amplitudes decrease quite rapidly with larger . If the real-space charge-density fluctuations serving as intermediate states for generation of low-symmetry phonons have very short lifetimes satisfying their amplitudes in the time domain will be strongly suppressed. To check this hypothesis, temperature dependences of both timeand frequency-domain measurements should be measured and compared.
V. SUMMARY
To conclude, coherent and incoherent phonons in Bi 2 Te 3 have been studied with ultrafast polarization-dependent laser and Raman scattering techniques. While in the frequency domain all Raman active phonons with comparable intensities were detected, in the time-domain only fully symmetric modes were observed with an isotropic detection scheme. To detect doubly degenerate modes an anisotropic detection scheme must be used, which revealed that the ratios of fully symmetric to doubly degenerate amplitudes are different for the time and frequency domains. Our data on the comparison between the amplitude of coherent phonons in time-domain pump-probe experiments and the cross section of spontaneous Raman scattering can help in elucidating longstanding questions about the coherent phonon generation, particularly the subtle differences between impulsive stimulated Raman scattering and the mechanism known as displacive excitation of coherent phonons [7, [34] [35] [36] [37] [38] [39] . We did not address the issue concerning via which of the electronic states (surface or bulk) the coherent phonons are generated. Just note that a recent study of coherent optic and acoustic phonons in a topological insulator [40] claims that the generation of optic coherent phonons occurs primarily via the surface states since the coherent phonon parameters are independent of the thickness of the crystal. The similar conclusion was made in the time-domain study of Bi 2 Te 3 thin films, which demonstrated that the A (I) 1g mode is almost undisturbed down to the film thickness of ten quintuple layers [41] .
In some locations on the crystal surface additional phonon mode at 3.56 THz was observed and, based on its symmetry, revealed by polarization-dependent time-domain measurements, assigned to the A 1 phonon of crystalline Te. This assignment is supported by the measurements of single-crystal Te in the time and frequency domains. Some of the observed features in this experimental study are not fully understood yet. For example, the negative, short-lived chirp of coherent phonons in stoichiometric Bi 2 Te 3 is absent in the Te-rich regions, where both fully symmetric phonons of Bi 2 Te 3 are also present. Next, the doubly degenerate E g modes with their large enough Raman polarizabilities did not appear in the frequency-domain data taken with isotropic detection, whereas for anisotropic detection their coherent amplitudes were shown to be significantly smaller than those of the fully symmetric A 1g modes. More experimental and theoretical works are needed to understand these features. Nevertheless, the results presented here for coherent optic phonons in Bi 2 Te 3 appear of general interest also for other three-dimensional topological insulators with a single Dirac cone.
